Experiments were designed to study development of bovine embryos in TCM-199 medium conditioned by preculture with buffalo rat liver (BRL) cells. Conditioned media were harvested after BRL cells were cultured until confluency (CON), or for an additional 2 d with the same cells but new medium (CON-N) or the same medium (CON-S). Glucose in TCM-199 was depleted by BRL cells to different concentrations depending on coculture procedures: CON = 3.94 mM, CON-N = 1.67 mM, and CON-S = 1.11 mM glucose. In Exp. 1, development of bovine zygotes in CON-S resulted in fewer blastocysts than development in CON (10 vs 28%, P < .05); CON-N was not different from CON (26% blastocysts). Experiment 2 examined effects of moving embryos to a fresh drop of different or identical conditioned medium after culture for 3 d. Initial culture in CON-N and final culture in CON resulted in a greater ( P < .01) number of blastocysts compared with the control of CON followed by CON (32 vs 19% blastocysts). This was not entirely due to changing from low to high glucose because adding glucose to CON-N after 3 d yielded only 18% blastocysts. To test the hypothesis that beneficial effects of BRL cell-conditioned media may be due to secretion of leukemia inhibiting factor (LIF), LIF was added to B2, a more appropriate medium than Medium-199 for culturing bovine embryos without conditioning or coculture with BRL cells. In the absence of serum, the percentage of blastocysts per cleaved embryo (17 to 28%) was not improved with LIF; however, the mean number of cells per blastocyst was higher ( P < .05) in treatments with LIF (65 to 74 cells) than without LIF (47 cells). In B2 medium + 10% fetal calf serum, LIF was of no benefit; development to blastocysts was good with or without LIF (43% of cleaved).
Introduction
Primary culture of trophoblast, granulosa, endometrial, or oviductal cells enhances bovine embryonic development (Rexroad, 1989; Trounson et al., 1994) . However, primary cell cultures are often inconvenient and quite variable for use in embryo culture. Buffalo Rat Liver ( BRL) cells, a permanent cell line, have been used successfully for coculture of bovine embryos (Rehman et al., 1994; Van Inzen et al., 1995; Reed et al., 1996) .
A major theoretical problem in using BRL cells to culture embryos is differences between BRL cells and embryos in optimum growth conditions. Favored conditions for BRL cells are relatively high glucose concentrations, 20% oxygen, and 37°C (J. F. Hasler and M. B. Wheeler, personal communication), whereas 5% O 2 and 39°C are best for bovine embryos, and optimal glucose concentrations depend on stage of embryonic development: low for cleavage stages and high for morulae and blastocysts (Kim et al., 1993a; Rosenkrans et al., 1993 ). An attractive alternative to coculture may be use of media conditioned by BRL cells (Hernandez-Ledezma et al., 1993) . Although BRL conditioned media have been used for successful embryo development, rarely do results equal those of BRL cell coculture (Rehman et al., 1994; Trounson et al., 1994; Van Inzen et al., 1995) . Van Inzen et al. (1995) demonstrated that time of media conditioning affected embryonic development. However, it is not clear how BRL-cell conditioned media enhance embryo development, or whether different conditioning times should be coordinated with different stages of embryonic development. For example, glucose concentrations in conditioned media decrease with longer conditioning times and higher cell concentrations.
Therefore, the objectives of this project were to determine 1 ) how media conditioned for different times by BRL cells affected bovine embryonic development and 2 ) whether matching glucose concentrations in BRL conditioned media with requirements based on stage of embryonic development improved development of embryos in vitro. Because embryo development was superior in BRL-conditioned medium, a third objective was to determine whether the addition of leukemia inhibitory factor ( LIF) , a glycoprotein produced by BRL cells, improved embryonic development in a defined medium.
Materials and Methods

Oocyte Collection
Oocytes were aspirated from follicles ( 2 to 8 mm) in bovine ovaries obtained from a local slaughterhouse. Only oocytes with homogeneous, evenly granulated cytoplasm and a compact, multilayered cumulus mass were used. Oocytes were washed three times in 50 mL drops of HEPES-buffered Tissue Culture Medium (TCM-199; Sigma Chemical, St. Louis, MO; #M2520) supplemented with 10% estrous cow serum, 1 mg/mL estradiol 17-b, 1 mg/mL LH (NIH-oLH-26), and 50 ng/mL FSH (NIH-FSH-S-17) and placed in 200-mL drops (25 oocytes/drop) under sterile light paraffin oil for 24 h at 39°C in 5% CO 2 in air. Cumulus/oocyte complexes were then washed three times in 50-mL drops of Fert-TALP (Parrish et al., 1988) and placed in 200-mL drops for fertilization.
Sperm Preparation and Fertilization
Sperm in .5-mL plastic straws were thawed at 37°C for 12 s. Sperm from two bulls were combined and separated by swim-up for 1 h in sperm-TALP with 5 U/mL heparin (Parrish et al., 1988) , concentrated to 10 7 cells/mL by centrifugation at 900 × g for 5 min, and allowed to capacitate for an additional 2 h in the same medium. Oocytes were coincubated with 2 × 10 6 sperm/mL for 18 h in Fert-TALP containing 5 mM caffeine.
Embryo Culture
After incubation with sperm, ova were vortexed for 30 s to remove cumulus cells, washed three times in TCM-199, and placed in the experimental culture media. In the Exp. 3 ova were washed three times in a chemically defined medium (Olson and Seidel, 1994) and once in Menezo's B2 medium (Menezo et al., 1984) before being placed in experimental treatments. Ova were cultured at 39°C in 5% CO 2 : 5% O 2 : 90% N 2 in 50-mL drops ( ∼10 ova/drop for Exp. 1 and 2 and ∼20 ova/drop for Exp. 3 ) under sterile light mineral oil. Embryos were evaluated for development into morulae and blastocysts after 5 and 7 d, respectively.
Preparation of BRL-Cell Conditioned Media
Approximately 10 6 BRL cells were cultured in 25 cm 2 flasks in 10 mL TCM-199 + 10% fetal calf serum ( FCS) at 37°C in 5% CO 2 in air until confluency ( CON; approximately 2 d), or for an additional 2 d with the same cells but new medium ( CON-N) or the same medium ( CON-S) . Medium designated CON-NG was CON-N + 3 mM glucose. Media were harvested, centrifuged to remove large particles, filtered through a .2-mm filter, and frozen in 1.5 mL aliquots at −20°C until used.
Experiment 1
Presumptive bovine zygotes were randomly assigned to one of four experimental treatments: CON, CON-N, CON-S, or TCM-199 + 10% FCS. Uncleaved ova were removed after 2 d of culture. Embryos were evaluated after culture for 7 d in the same media. Glucose concentrations in conditioned medium were determined after thawing at the Colorado State University veterinary clinical laboratory using the glucose-hexokinase method. This experiment was replicated on 8 d.
Experiment 2
In this experiment (11 replicates on different days, see Table 2 for design) ova were cultured 1 ) in CON for 3 d, and cleaved ova moved to CON or CON-N, 2 ) cultured for 3 d in CON-N and cleaved ova moved to CON, CON-N, or CON-NG, or 3 ) cultured for 3 d in unconditioned TCM-199 + 10% FCS, and cleaved ova moved to a fresh drop of TCM-199 + 10% FCS. For all groups, embryos were evaluated after a total of 7 d of culture after in vitro fertilization.
Experiment 3
Ova were cultured in the presence or absence of 4,000 U/mL of human recombinant LIF for d 1 to 3, 4 to 7, or both time periods in Menezo's B2 medium with or without 10% FCS (see Table 3 for details). Although TCM-199 is an excellent medium for BRL cells, it is not as good as B2 for bovine embryos in the absence of BRL cells or their products. For this reason, B2 was chosen to test the effects of LIF, a product secreted by BRL cells. In all treatments, cleaved embryos were moved to a fresh drop of medium after 3 d. Blastocyst development was determined on d 7, after which all embryos were stained with Hoechst 33342 and numbers of cells determined by fluorescence microscopy. This experiment was replicated on 10 d.
Statistical Analyses
Percentages of cleaved embryos reaching either morula or blastocyst stages or mean cell number (in Exp. 3 ) for each treatment in each replicate were analyzed by ANOVA with replicates and treatments in the model. Numbers of embryos per treatment were unequal primarily due to variation in the percentage of presumptive zygotes that actually cleaved, but also due to a few missing subclasses (e.g., due to bacterial contamination). Treatments were compared with the CON and CON-CON controls in Exp. 1 and 2 and to the no serum, no LIF control in Exp. 3 using Dunnett's Test (Steel and Torrie, 1960) . Least squares means are presented.
Results
Experiment 1
Time of conditioning BRL cell media affected development into morulae and blastocysts ( P ≤ .05, Table 1 ). Embryos cultured in media conditioned until confluency (CON) developed into more morulae and blastocysts than did embryos cultured in media conditioned 2 d after confluency without changing media (CON-S).
Experiment 2
Moving embryos from CON-N to CON media after 3 d (Treatment 3; Table 2 ) resulted in more morulae and blastocysts than leaving them in the control, CON-CON (Treatment 1; P < .05). All other combinations of media were not different ( P > .1) from the control (Treatment 1).
Experiment 3
The addition of LIF to Menezo's B2 medium did not affect the percentage of embryos developing into blastocysts in treatments without serum ( P > .10; Treatment 1 vs 2, 3, or 4; Table 3 ). However, addition of LIF in the absence of serum during any of the time periods (Treatments 2, 3, and 4 ) resulted in higher ( P < .05) numbers of cells per blastocyst. The addition of serum to B2 media increased development into blastocysts (Treatment 1 vs 5; P < .01), but LIF had no effect on development into blastocysts in the presence of serum because response to Treatments 5 and 6 was nearly identical. Cell numbers did not differ ( P > .10) in embryos cultured in serum-free medium without LIF compared with embryos cultured in medium containing serum without LIF (Treatment 1 vs 5). Cell numbers per embryo also did not differ in media containing serum regardless of LIF addition. None of the treatments differed from the control in cleavage rate ( P > .10)
Discussion
In Exp. 1, CON-S (i.e., medium conditioned for 2 d after confluency without changing medium) was inferior to other conditioning methods for development into morulae and blastocysts. Glucose levels in CON-S were low, which, although ideal for early embryonic development, likely would have been insufficient for optimal later development (Kim et al., 1993a) . The CON-S also may have contained potentially toxic products produced by BRL cells as a result of longterm culture.
Very little has been published comparing methods of conditioning media by BRL cells for culturing bovine embryos (Van Inzen et al., 1995) , and virtually no experiments have considered different conditioning methods to meet embryonic requirements for energy substrates during different developmental stages. Therefore, Exp. 2 was designed to match glucose levels in BRL-cell conditioned media with requirements for embryonic development. The CON-S was eliminated from this experiment due to poor performance in Exp. 1. Moving embryos from conditioned medium with low glucose to conditioned medium with higher glucose yielded the best results. Other combinations were inferior for development into blastocysts. The superior development could not be explained entirely by glucose concentration, because the addition of glucose to CON-N did not yield results similar to incubating embryos from d 4 to 7 in CON. The CON was collected at confluency, a time at which glucose levels are only slightly depleted, and a time at which BRL cells are growing and possibly producing more beneficial than detrimental factors. The BRL cells are known to produce several factors that could affect embryonic development such as LIF, IGF-II, and TGF b (Massague et al., 1985; Smith and Hooper, 1987; Carr et al., 1989) . Culturing embryos in medium with high glucose early in development or low glucose in later development produced similar results in development to the morula or blastocyst stage. Detrimental effects of glucose on early (Kim et al., 1993b; Rosenkrans et al., 1993) but not later (Kim et al., 1993a) embryonic development have been reported with other culture media. One speculation is that addition of glucose to CON-N was not beneficial in Treatment 5 because this medium contained excess glucose metabolites or inhibitory factors from the longterm culture that affected later but not earlier stages of embryonic development. In Exp. 3, we studied the effects of LIF supplemented in Menezo's B2 supplemented with LIF medium at different stages of embryonic development. The LIF was tested because it is a major growth factor secreted by BRL cells (Smith and Hooper, 1987) , and LIF stimulates growth of murine embryonic stem cells while it inhibits their differentiation (Smith and Hooper, 1987) . The LIF also improved bovine and ovine development at 1,000 to 5,000 U/mL under some conditions (Fry et al., 1992; Marquant-Le et al., 1993; ). Menezo's B2 medium was used in this experiment because it is one of the most successful chemically defined media for culturing bovine embryos and contains no LIF or serum (Menezo et al., 1984) . Although TCM-199 is an ideal medium for BRL cells (Rehman et al., 1994; Reed et al., 1996) , it is not a good medium for early-stage bovine embryos in the absence of BRL cells (Hernandez-Ledezma et al., 1993) . It was determined that LIF added to Menezo's B2 medium had no effect on percentage of embryos developing into blastocysts in B2 medium with or without serum. The addition of FCS resulted in a greater number of blastocysts compared with serum-free medium, but not in more cells per blastocyst. The LIF, added to serum-free medium, increased numbers of cells per blastocyst. reported that the addition of LIF to synthetic oviduct fluid medium ( SOFM) supplemented with 10% human serum increased the number of bovine parthenogenetic morulae developing to blastocysts. In contrast, when normal in vitro derived bovine embryos were cultured in SOFM + 10% human serum for 10 d after fertilization, LIF had no effect on development into blastocysts (Fukui and Matsuyama, 1994) . A stimulatory effect of LIF was observed when media were supplemented with BSA or polyvinyl alcohol rather than serum. We also could not demonstrate a benefit of LIF in B-2 with serum. The timing of LIF addition may be important because the site of action is hypothesized to be the trophectoderm in murine embryos (Robertson et al., 1991) . Han et al. (1995) found that LIF may be beneficial at the morula stage, but not at later stages. However, we saw no significant difference in whether LIF was added during d 1 to 3 of culture or d 4 to 7 in the absence of serum.
Implications
To "condition" media for subsequent culture of bovine embryos, buffalo rat liver cells were cultured in the media. Methods of conditioning to produce optimal media for early embryos differed from methods to produce optimal media for later embryos, possibly due to changes in glucose concentrations. Addition of leukemia inhibiting factor to culture media improved quality of bovine embryos under some conditions. These findings could result in more efficacious methods of producing bovine embryos in vitro to augment biotechnologies such as in vitro fertilization, prenatal sex selection, cryopreservation of embryos, and transgenic procedures.
